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Tensile Strain-Hardening Behavior of Polyvinyl Alcohol
Engineered Cementitious Composite (PVA-ECC)

by Victor C. Li, Shuxin Wang, and Cynthia Wu

A high-performance polyvinyl alcohol fiber-reinforced engineered
cementitious composite (PVA-ECC) for structural applications
has been developed under the performance-driven design
approach. Fiber, matrix, and fiber/matrix interfacial properties
were tailored based on micromechanics models to satisfy the
pseudo strain-hardening condition. In this paper, the effects of
fiber surface treatment and sand content on the composite perfor-
mance were experimentally investigated. Results from uniaxial
tensile tests show an ultimate strain exceeding 4%, as well as an
ultimate strength of 4.5 MPa for the composites, with a moderate
fiber volume fraction of 2.0%. The specimens reveal saturated mul-
tiple cracking with crack width at ultimate strain limited to below
100 pm. The underlying reason of the distinctly different tensile
behavior between normal fiber-reinforced concrete and PVA-ECC
is highlighted by the comparison of complementary energy from
their fiber bridging stress and crack opening curves.
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INTRODUCTION

In the past decade, high-performance fiber-reinforced
cementitious composites (HPFRCCs) have evolved with in-
tensified research. This advance is due to developments in fi-
ber, matrix, and processing technology, as well as better
understanding of the fundamental micromechanics governing
composite behavior, partlcularly, the interaction among fiber,
matrix, and interface properties.!* Although it is difficult to
give an exact definition, HPFRCCs usually refer to those with
macroscopic pseudo strain-hardening behavior in tension.’
The multiple cracking accompanying pseudo strain-hardening
implies high ductility, large energy absorption capacity, and
high toughness, which distinguishes HPFRCC from con-
ventional fiber-reinforced concrete (FRC). For FRC, local-
ization of damage occurs immediately after first cracking,
leading to tension-softening, with a continuously i 1ncreasmg
crack opening.

HPFRCCs are usually achieved by introducing large vol-
ume fraction of fibers (typlcally above 5%). Examples include
SIFCON and SIMCON.® Composues with high fiber vol-
ume fractions necessitate special processing such as the slur-
ry-infiltrated technique, and also incur high material cost. In
another approach, engineered cementitious composites
(ECCs) have been developed8 that adopt short fibers at typi-
cally moderate volume fraction (1 to 2%) and can be pro-
duced 1n either a regular casting process or an extrusion
process. ? For an ECC reinforced with 1.5% by volume high-
modulus polyethylene fibers (PE-ECC), a tensile strength
exceeding 5.5 MPa, and a tensile strain capacity between 4
and 6% has been achieved, as shown in Fig. 1. After first
cracking, the strain-hardening behavior leads to tremendous
improvement in ductility and toughness.
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Fig. I—TDypical tensile stress-versus-strain curves of PE-ECC.

Although FRC has been accepted by the practice communi-
ty since the 1980s, most of its applications are limited to non-
structural use, which can be at least partially attributed to the
limited performance, economic constraint, lack of design
guidelines, and inconvenient processing. Meanwhile, in con-
structed facilities, the need for improvement in structural duc-
tility and durability has received increasing attention.
Designed for structural applications, ECCs bring extraordinar-
ily high performance as an advanced construction material.
Significant contributions to structural ductility, deformation
capacity, strength, damage tolerance, and repairability have
been demonstrated. Spec1fica11y, in steel-reinforced ECC
(R/ECC), due to the strain-hardening behavior and large strain
capacity, ECC can carry load well above the yield point of
steel reinforcement.!® The high shear capacity of ECC helps
to reduce or even eliminate the need for shear reinforce-
ments. 416 Small crack width limited to below 0.2 mm deliv-
ers superior durability 7 and the hi gh ductility and compatible
deformation of ECC with steel remforcements lead to high
structural damage tolerance and deformablhty

Because of its moderate fiber content, ECC can be applied
in on-site construction as well as in off-site precast elements.
Special versions of ECC with self—compactlng rheologlcal
behavior have been developed Extrusion of ECC pipes
has been demonstrated.” Broad application of PE-ECC,
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however, is hindered by the relative high cost of the PE fiber.
Polyvinyl alcohol (PVA) fiber, which typically has a tensile
strength between 1600 and 2500 MPa, is considered a prom-
ising alternative. The cost of PVA fiber is about 1/8 that of
high-modulus PE fiber, and is even lower than that of steel
fiber on an equal volume basis. With certain adjustments in
fiber and fiber surface properties, PVA fiber offers promise
as an ECC reinforcement.

Several research projects have been conducted to devel-
op h1g2h-gerformance cementitious composites with PVA
fibers. All these composites, however, exhibit quasi-
brittle tensile behavior or show very low strain capacities,
typically less than 0.5%. They are not classified as high-per-
formance based on the aforementioned criteria. To understand
the underlying reasons behind the limited composite perfor-
mance, the nature of interaction between PVA fibers and the
cementitious matrix must be examined. As a hydrophilic fiber,
PVA has a strong affinity to hydroxy groups present in the
neighboring hydrated cement,2* which creates a strong chem-
ical bond between fiber and surrounding matrix. In addition,
the filament microstructure and low lateral resistance of PVA
fibers further promote rupture of a bridging fiber rather than
pullout during the opening of a matrix crack. Despite these ob-
stacles, PVA fiber still holds great potential since the interfa-
cial characteristics could be modified. Moreover, the
manufacturing process of PVA fiber allows tailoring of fiber
geometric and mechanical properties within certain ranges. To
translate these potentials of PVA fibers into favorable com-
posite performance, a design approach must be adopted to
guide the optimization of the composite behaviors.

In the past decade, a design philosophy has emerged that
gives credence to the links that exist between structural per-
formance, composite behavior, and material microstructure.
This philosophy, illustrated by the performance-driven de-
sign approach (PDDA) (Fig. 2), emphasizes micromechanics
as the unifying link between mechanical properties and ma-
terial microstructures.> In this approach, the imposed re-
quirements of structural performance, such as load and
deformation capacity, ductility, and durability, are translated
into mechanical properties at the material level in terms of
strength, ultimate strain, toughness, maximum crack width,
and other property specifications. Micromechanics models
that relate the material properties to material microstructures
serve as powerful analytic tools, providing guidance to con-
stituent material tailoring. It elevates matertal design from
trial-and-error empirical combination of material constitu-
ents to systematic engineered selection. In the context of
PVA-ECC development, these material constituents are
characterized by the fiber, matrix, and interface properties
that are discussed at length in the following section. Once a
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preliminary selection of material constituents has been ob-
tained, they are realized by appropriate processing methods
that involve fiber geometry modification and surface treat-
ment, cementitious matrix ingredient design, composite mix-
ture rheological control, mixing and casting method
optimization, and curing condition selection. Since some of
the processing methods impact several material parameters,
some amount of iteration and optimization is inevitable.

This paper focuses on the experimental characterization of
tensile behaviors of the PVA-ECC developed under the ap-
proach outlined previously. First, the framework of PVA-
ECC design is briefly reviewed. The material design and test
program are then described. Experimental test results in
terms of stress-strain curves and cracking patterns are report-
ed. In the discussion section, comparison between quasibrit-
tle PVA-FRC and PVA-ECC will be made in light of the
micromechanics design guidelines for ECC.

RESEARCH SIGNIFICANCE

The brittleness of cementitious materials has been identi-
fied as a bottleneck that hinders structural performances such
as ductility in shear and tension, and durability. Whereas
conventional FRC with tension-softening behavior partially
alleviates this bottleneck, strain-hardening cementitious
composites have demonstrated significant advantages in
structural behavior not achievable by normal FRC. In the
present research, an ECC was successfully developed with a
tailored PV A fiber. Specifically, ECC containing 2 vol % of
a PVA-REC fiber with surface oil coating was demonstrated
to have tensile strain capacity in excess of 4%. The results of
this research illustrate the significance of micromechanics-
based composite design for desirable performance. While
PVA-ECC attains high performance, it remains economical-
ly feasible for practical engineering use because of its rela-
tively low fiber content. For the same reason, an essentially
standard mixing process for normal concrete can be applied
to ECC, leading to a potentially broad range of applications
in civil infrastructures.

PVA-ECC design framework

The tailoring of the microstructure of the composite is
based on the understanding of the mechanical interactions
among the fiber, matrix, and interface phases. Under the PD-
DA, this interaction is quantified by the micromechanics
models that provide the link between the composite perfor-
mance and the micromechanical parameters. Three sets of
parameters are involved in the design of PVA-ECC corre-
sponding to the fiber, matrix, and interface phases. The fiber
is characterized in terms of volume fraction V, fiber length

diameter df, elastic modulus Ef and tensile strength ¢
{he matrix is characterized in terms of its fracture toughness
K, elastic modulus E,,, and initial flaw size distribution a;.
The fiber and matrix interaction, or interface characteristics,
are described by the interfacial fnct10nal stress T, chemical
bond Gd, and snubbing coefficient f The strength reduction
factor f* is needed to account for the reductlon of fiber strength
when pulled at an inclined angle In addition, another pa-
rameter P is introduced to characterize the slip-hardening be-
havior during fiber pullout, recognizing the hgdrophlhc nature
and microstructure feature of the PVA fiber.?® Since the low
tensile strain capacity of most cementitious materials is iden-
tified as the bottleneck property to achieving superior struc-
tural performance, the dominant micromechanical model
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Fig. 2—Performance-driven design approach on PVA-ECC design.

utilized herein is mainly focused on achieving pseudo strain-
hardening in tension.

A fundamental requirement for pseudo strain-hardening is
that steady state cracking occurs, which requires the crack
tip toughness J,;, to be less than the complementary energy
J,, calculated from the bridging stress ¢ versus crack open-
ing 8 curve, as illustrated in Fig. 3229

8()
Jiip < 608 —Ics (8)dd=J, ‘ ()
0
2
K
Jip = 75— 2

where o is the maximum bridging stress corresponding to
the opening 8, and E, is the composite elastic modulus.
Equation (1) is obtained by considering the balance of ener-
gy changes during extension of the steady-state flat crack.
The stress-crack opening relationship o(8), which is viewed
as a constitutive law of fiber reinforced composites, is de-
rived by utilizing analytic tools of fracture mechanics, mi-
cromechanics, and statistics. Specifically, the energetics of
tunnel crack propagation along fiber/matrix is used to quan-
tify the debonding process and the bridging force of a fiber
with a given embedment length; :30 statistics are introduced to
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Fig. 3—Typical o(d) curve for strain-hardening composite.
Hatched areu represents complementary energy 1. Shaded
area represents the crack tip toughnessJ tip:

describe the random nature of preex1stmg}ﬂaws and the ran-
dom location and orientation of fibers.>'*? The random ori-
entation of fibers also necessitates the accounting for the
mechanics of interaction between an inclined fiber and the
matrix crack. Another condition for pseudo strain-hardening
is that the tensile first crack strength Gz, must not exceed the
maximum bridging stress o

0. <O 3)
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Table 1—Properties of Kuraray PVA fibers

Nominal Fiber | Young’s
strength, |Fiber diameter, | length, | modulus, | Elongation,
Fiber type MPa um mm GPa %
REC 1620 39 12 42.8 6.0
RMU 1660 14 6 60 6.0

Table 2—Mixture proportions by weight

Oiling W
agent vy,

Mixture [ content, | volume .
no. %o G0 Cement | Water | Sand MC SP!
1 0.3 2.0 1.0 0.45 0.5 0.0020 { None
2 0.3 2.0 1.0 0.45 0.6 0.0020 [ 0.02
3 0.3 2.0 1.0 045 0.8 0.0015 | 0.03
4 0.3 2.0 1.0 045 1.0 0.00151 0.03
5 0.5 2.0 1.0 0.45 0.6 0.0015 | 0.02
6 0.5 2.0 1.0 0.45 0.8 0.0015 | 0.03
7 0.5 2.0 1.0 045 1.0 0.0015 | 0.03
8 0.5 2.0 1.0 0.45 1.2 0.0015| 0.03
9 0.8 2.0 1.0 0.45 0.6 0.0015 | 0.02
10 0.8 2.0 1.0 045 1.0 0.0015 [ 0.03
11 0.8 2.0 1.0 045 1.2 0.0015 | 0.03
12 0.8 2.5 1.0 0.45 1.2 0.0015( 0.03
PVAERCRMUT 20 | 10 | 045 | 06 [0.0015| 003

"Hydroxypropyl methylcellulose to cement ratio.
High-range water-reducing admixture,

where G, is determined by the maximum preexisting flaw
size max[ag] and the matrix fracture toughness Km Details
of these mlcromechamcs analyses can be found in Li and
LeunU and Li and Wu.* Satisfaction of Eqg. (1) and (3) is
necessary to achieve ECC behavior, otherwise, normal ten-
sile-softening FRC behavior results.

Numerical studies carried out based on the aforementioned
micromechanics models produce a set of targeted material
microstructure arameters to achieve pseudo strain-harden-
ing behavior. > For example the fiber strength needs to ex-
ceed 1000 MPa with minimum fiber elongation of 5% while
the preferred fiber diameter is 30 to 50 pwm. Constrained by
providing effective load transfer and composite processing
limit, the fiber length is set to 12 mm in this study. Since the
pre-existing flaw size has a certain distribution range, a suffi-
cient margin between complementary energy J,,” and crack
tip toughness J,;, is desired for developing saturated multiple
cracking. This can be achieved by either reducing J,;,, which
is correlated to matrix toughness as shown in Eq. (f) or in-
creasing J,,". The latter is more desirable because low matrix
toughness implies low first crack strength. Given a reason-
able matrix fracture toughness of 0.20 to 0.33 MPaJ_

maintaining a sufficient margin between J,," and Jyjp requires
a chemical bond G, below 2 J/m? and an interfacial frlctlonal
stress T between 1.0 and 1.7 MPa, which could be achieved
by fiber surface coating. Close cooperation with the PVA fi-
ber manufacturer made these modifications on fiber proper-
ties possible. More details on fiber and interface tailoring can
be found in Wu.?

EXPERIMENTAL PROGRAM
The experimental program serves two purposes, namely
verifying the model and searching for an optimal and practi-
cal mixture proportioning of PVA-ECC, because some sub-
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Fig. 4—SEM picture of F110 sand.

tle interactions between material constituents still need to be
further described by more advanced models. With the guide-
line provided by the current micromechanics models, how-
ever, the search space for an optimal solution has been
significantly narrowed.

A PVA fiber trade-named REC and tailored based on the
framework outlined in the previous section was adopted in
this study. The fiber properties are listed in Table 1. Two
variables were studied in this experimental program. One is
the difference in fiber surface treatment, in terms of the con-
tent of the oiling coating agent. Higher oiling agent content
corresponds to lower chemical bond G, and lower interfa-
cial frictional stress To» Which can be measured by single fi-
ber pullout test.”” Three different oiling agent contents,
namely, 0.3, 0.5, and 0.8 (% by weight), are investigated in
this study. The proprietary oiling agent is coated onto the fi-
ber as a surface treatment in the fiber manufacturing process.
Another variable studied is the sand content, which is related
to the matrix toughness, as well as the interface properties.
Fine sand with a mean size of 110 pm was adopted to main-
tain low matrix toughness. As shown in Fig, 4, this sand par-
ticle has a near-round shape and smooth surface. Fiber
volume fraction is set to 2.0 and 2.5%, limited by economic
constraint and fresh mixture workability consideration. Wa-
ter-cement ratio (w/c) is fixed at 0.45 throughout the test.
The mixture proportions are tabulated in Table 2.

The mixture was prepared in a small mixer and then cast
into plexiglass molds, with moderate vibration. Specimens
were demolded after 24 h, then cured in water at room tem-
perature for 28 days. After removal from the curing tank, the
specimens were dried in air for 24 h.

A uniaxial tensile test was carried out to characterize the
tensile behavior of PVA-ECC. Since some quasibrittle FRCs
show apparent strain-hardening behavior under flexural
loading, a direct uniaxial tensile test is considered the most
convincing way to confirm the strain-hardening behavior of
the composite. The coupon specimen used herein measured
304.8 x 76.2 x 12.7 mm. Aluminum plates were glued at the
ends of the coupon specimen to facilitate gripping. Tests were
conducted in an MTS machine with a 25 kN capacity under
displacement control. The loading rate was 0.0025 mm/s
throughout the test. Two external linear variable displace-
ment transducers (LVDTs) were attached to specimen sur-
face with a gage length approximately 180 mm to measure
the displacement. Further test configuration details can be
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Table 3—PVA-ECC tensile test results

First crack | Ultimate | Ultimate
Oiling agent strength | strength | strain €., (Crackspacing, | Residual crack
Mixture no.| content,% | Vr % | sic | O MPa [ o, MPa % mm opening, mm
1 0.3 2.0 0.5 |3.451+0.25|14.56+0.70|12.01 £0.95| 49%14 42115
2 0.3 2.0 0.6 |3.181+0.12|14.54+0.25|12.43+£1.31| 6.0x29 49+ 12
3 0.3 20 0.8 |3.5610.41|4.45+0.40|1.372044| 11524 39+ 16
4 03 2.0 1.0 [3.97+0.28|4.60+0.23(1.59+0.35| 7.5+28 44 + 07
5 0.5 2.0 0.6 [2.62+0.27|3.69+0.68/3.71 £1.16] 39+14 5404
6 0.5 20 0.8 [2.56+0.19|3.98+0.30(|4.18+£0.52 2.6+03 67109
7 0.5 2.0 1.0 12.66+0.11|4.02+0.40(3.62+£0.56] 3.5+2.0 52+10
8 0.5 2.0 1.2 [3.45+0.14|3.92+0.15|1.64+0.60| 64*1.0 45+ 19
9 0.8 2.0 0.6 [2.96+0.13|13.92+0.25|1.73+£0.29 6.2+0.8 46+ 17
10 0.8 20 1.0 [3.11+0.14|4.58 +0.38[3.68 + 1.16] 2.5%0.3 71+ 09
11 0.8 2.0 1.2 12.63+0.32|4.28+0.17|2.48+1.04| 39124 50+ 09
12 0.8 2.5 1.2 13.39+£0.09(5.00+£0.52(4.59+0.36| 1.8%+0.3 58110
6 6
5+
0 = 5F
o o
s 4 =
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7] 7
2 2 22
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Fig. 5—Tensile stress versus strain curves of PVA-ECC (fiber with 0.3% oiling).

found in the literature.3* At least three specimens were tested
in each case.

During loading, one or two typical cracks were continu-
ously monitored by a calibrated videomicroscope at 200X
magnification. After unloading, the specimens were inspect-
ed under a magnifier at 50X magnitude, and the average
crack spacing was calculated by the gage length divided by
the number of visible cracks.

TEST RESULTS

The results of the uniaxial tensile tests in terms of first
crack strength, ultimate strength, ultimate strain, crack width,
and crack spacing are displayed in Table 3, and the stress-
strain curves are presented in Fig. 5 through 7. All specimens
show clear pseudo strain-hardening behavior with strain ca-
pacities ranging from 1.5 to nearly 5.5%. The first crack
strength varies from 2.6 to 3.9 MPa, which is close to the low
end of the tensile strength of normal- and high-strength con-
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crete. After first cracking, the load continues to rise without
fracture localization. Sequentially developed subparallel
cracks contribute to the inelastic strain at increasing stress. In
contrast, a single crack that continuously opens while stress
decreases is often observed in PVA-FRC. After the peak
stress is reached, a localized crack opening occurs at one of
the weak sections, which leads to the failure of the composite.

An overview of the stress-strain curves indicates that
PVA-ECC with 0.5 and 0.8% oiled fibers have better overall
composite performances than those with 0.3% oiled fiber.
For the composites with 0.3% oiled fiber, most specimens
show a moderate ultimate strain of 2%, except for two that
show exceptionally high ultimate strains of 3.1 and 4.0%,
achieved with 0.5 and 0.6 sand-cement ratio by weight (s/c),
respectively. Although these specimens demonstrate the po-
tential for high ductility for the composites with 0.3% oiled
fiber, the large variation in ultimate strain indicates a rela-
tively low margin for satisfying the strain-hardening condi-
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Fig. 6—Tensile stress versus strain curves of PVA-ECC (fiber with 0.5% oiling).
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Fig. 7—Tensile stress versus strain curves of PVA-ECC (fiber with 0.8% oiling).

tion described by Eq. (1). The ultimate strength for this set of
specimens is almost the same within the error range, while
the mixture with s/c = 0.6 shows the best average strain ca-
pacity. The source of material property variation is likely due
to different flaw size distribution and bridging property vart-
ation from specimen to specimen. The influence of flaw size
distribution on strain-hardening has been discussed in Refer-
ence 31. The bridging property is likely to be negatively in-
fluenced by fiber breakage, and is discussed in the following
section.
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Significant improvement in ultimate strain is observed for
the set of composites with 0.5% oiled fiber, and several spec-
imens reach strain levels above 4%. The highest average
strain of 4.18% is achieved at s/c = 0.8. Besides the increase
in strain capacity, the property variation between specimens
is clearly diminished. This improvement in performance
consistency suggests a larger margin of satisfying the strain-
hardening condition, and then in achieving fully saturated
multiple cracking.>> Compared with the composites with
0.3% oiled fiber, this set exhibits a small decline in first
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Fig. 8—Crack width versus strain relationship.

crack strength and ultimate strength. For the set of compos-
ites with 2.0% volume fraction of 0.8% oiled fiber, it appears
that the mixture, at s/c = 1.0, outperforms the other two. One
of the specimens achieves the highest ultimate strain of 5.2%
at 5.0 MPa tensile stress. Mixture No. 12 has the same matrix
as No. 11, but a higher fiber content of 2.5 vol %, which
results in an increase of ultimate strain from less than 3 to
nearly 5%. Moreover, Mixture No. 12 shows favorable
performance robustness. Considering the cost constraint,
however (the fiber is the biggest portion of the composite
cost), low fiber volume fraction is preferred.

The ultimate strain €, is determined by the number of mul-
tiple cracks developed and the opening of each crack. The
crack opening listed in Table 3 was measured after unloading,
which is approximately 70% of the opening at peak load due
to the elastic recovery of the elongated fibers bridging across
the matrix cracks. The actual average crack opening at peak
load could be estimated from the ultimate strain (1.4 to 4.6%)
and the average crack spacing (1.8 to 11.5 mm), giving a
range of 80 to 160 pim. Because many microcracks that de-
velop tend to completely close after unloading, which makes
them very difficult to detect at the specimen surface, the av-
erage crack opening at peak load should be smaller than the
aforementioned estimate.

Figure 8 shows a typical development of crack opening with
an increase of strain. The monitored crack was one of several
cracks that developed at an early stage of loading. Shortly after
first cracking, the crack width grows rapidly with the increase
of strain, and then stabilizes at approximately 60 Lm while ad-
ditional microcracks develop. This phenomenon was also ob-
served on other ECC materials with intensive multiple
cracking behaviors, whereas for typical FRC, the crack width
almost linearly increases with load point displacement. For
sxamnls far dhe gage danuth asad e shie eyprasimant GRS
mm), the crack opening in a PVA-ECC 4% strain would ap-

proach 7.4 mm. For the PVA-ECCs investigated herein, it
was found that the crack opening stabilization usually com-
pletes before 1% strain, and that the stabilized crack width
ranges from 60 to 100 um. Considering that water perme-
ability scales with the third power of crack width®® and that
chloride permeability scales exponentially with crack
width,37 such small crack width in PVA-ECC implies signif-
icant improvement in durability of structures using PVA-
ECC. To quantitatively describe the crack opening behavior,
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Fig. 9—Multiple cracking of PVA-ECC: (a) Specimen No. 10
(Fiber oiling agent 0.8%: V¢ = 2.0%, s/c = 1.0); and (b) Spec-
imen No. 12 (Fiber oiling agent 0.8%: V¢ = 2.5%, s/c = 1.2).

the error function is chosen to fit the shape of the crack width
d versus strain € relationship

8 = A erf(Be) 4)
where
erf(x) = ijxe‘"za’u 3
Jmlo

A and B are constants. As illustrated in Fig. 8, the agree-
ment is satisfactory. For this particular case, A is 57 and B is
2.32. Figure 9 shows the saturated multiple cracking pattern
of specimens No. 10 and 12. With a higher fiber volume frac-
tion (2.5%), specimen No. 12 has smaller crack spacing than
No. 10 (V= 2.0%).

DISCUSSION

PVA tiber features high interfacial frictional stress and
strong chemical bond with the surrounding cementitious
phases due to its hydrophilic nature, which can result in fiber
surface damage during pullout process, as well as significant
slip-hardening behavior. 3 Consequently, severe fiber rup-
ture in composites was observed. Fiber surface oiling treat-
ment can effectively alter the interfacial properties, especially
the chemical bond G, and frictional stress 1y, which was ver-
ified by a single fiber pullout test.3> For the 0.8% oiled fiber,
the measured T and G, approached the optimal values sug-
gested by the micromechanics model between 1.0 and 1.7
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Table 4—Interfacial properties and complementary
energy J;' for PVA-FRC and PVA-ECCs

PVA-FRC | PVA-ECC | PVA-ECC | PVA-ECC
with RMU | with 0.3% | with 0.5% | with 0.8%
Composite fiber oiled fiber | oiled fiber | oiled fiber
Interfacial T, MPa 36 35 2.5 2.0
properties| G, jm? | 5.0 3.0 25 2.0
Complementary
energy, J,/, J/m? 0.5 9.6 10.7 16.5

MPa, and 2.0 J/m?, respectively. In the context of the current
matrix design and the achievable variation range of G, and
Ty lower Tg and G, leads to higher complementary energy,
which leads to a larger margin for satisfying the pseudo
strain-hardening condition and greater intensity in multiple
crack saturation. For example, comparison between Mix-
tures No. 4, 7, and 10, which have the same matrix composi-
tion w/c = 0.45 and s/c = 1.0, clearly reveals the increasing
trend of ultimate strain and decrease in crack spacing.

The presence of sand has two impacts on the micromechan-
ics properties of composites, in terms of both matrix tough-
ness and interfacial properties. A higher amount of
aggregates is usually expected to increase the matrix tough-
ness due to the increase of energy consumption by the tortu-
ous crack-propagating path. The general trend of first crack
strength for each set of tests, which shows a slight increase
with the increase of sand content, supports this assertion un-
der the assumption of similar maximum pre-existing flaw
size in all composites. For the fine sand used in this research,
however, which has a size (approximately 110 pm) ap-
proaching the size of cement grains (20 jum), its toughening
effect was diminished. A high content of fine sand may also
reduce the energy required to create a new fracture surface,
as the binding energy between sand particles and cement
should be lower than that between cement particles. Further
investigation is needed to clarify this effect. High sand con-
tent may also cause higher interfacial frictional stress and, in
turn, more severe fiber surface abrasion, resulting in deteri-
oration in fiber bridging properties. In addition, recent re-
search has reported that higher sand content could
s1gn1f1cant1y increase matrix por051ty when fiber is
present 9 This alteration of flaw size distribution also has an
influence on pseudo strain-hardening behavior, as a large
amount of pre-existing microflaws with a narrow size distri-
bution is conducive to multlple crackmg before peak bridg-
ing load is reached.3! Observations in the present set of
experiments seem to suggest that fiber with high oiling con-
tent also tolerates higher sand content, which leads to optimal
performance when high oiling and sand contents are com-
bined, as indicated by comparing Mixtures No. 2, 6, and 10.
From the consideration of cost and shrinkage control, high
sand content is preferable in practice, which validates the
preference of a 0.8% oiled fiber instead of a 0.5% oiled fiber
for structural applications.

To further highlight the effectiveness of the micromechanics-
based tailoring procedure in PVA-ECC design, another
PVA-FRC is introduced herein for comparison. The com-
posite has the same mixture as No. 2 (w/c = 0.45, s/c = 0.6)
and contains 2.0 vol % of PV A fiber trade-named RMU with
fiber properties shown in Table 1. The fiber diameter is14
pum, and the length is 6 mm. In the context of PVA-FRC,
where the fiber-matrix interfacial properties dominate the
bridging behavior, a smaller diameter implies more severe
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Fig. 10—Tensile stress versus strain curve of typical PVA-
FRC. (RMU fiber: Vi = 2.0%.)

fiber rupture. The nominal strength of the RMU fiber is
1660 MPa, which is close to that of REC fiber, while the
elastic modulus is 60 GPa, which is higher than that of RE-
CREC fiber. No oiling agent was applied to the RMU fiber.
Although the strengths of RMU and REC fibers are very
similar, their composite performance is very different. The
RMU-reinforced composite exhibits very marginal strain
hardening behavior under uniaxial tensile loading (Fig. 10),
with only several widely spaced cracks. At approximately
0.2%, the strain capacity is almost one order of magnitude
lower than that of the PVA-ECC. The underlying reason for
this difference in strain-hardening intensity lies in their sig-
nificantly different complementary energies. Figure 11
shows the composite bridging stress versus crack opening re-
lations for this PVA-FRC and for PVA-ECCs with three dif-
ferent oiled fibers, highlighting the clear distinction between
PVA-FRC and PVA-ECC. The corresponding complementa-
ry energy is tabulated in Table 4. The interfacial properties
based on single-fiber pullout tests'1-33 are also listed in this
table. For the spec1ﬁc matrix of these composites, the crack
tip toughness J;;, is approximately 3.2 to 4.7 J/m?.40 The
steady-state cracking criteria (Eq. (1)) is therefore not satis-
fied by the PVA-FRC with RMU fiber (J," = 0.5 Jim? ), wh11e
the complementary energy of PVA-ECCs (J,'=9to 17 Jim?)
are much larger than J,,. This clearly explains why the
PVA-ECCs exhibit ductile strain-hardening behavior, while
the PVA-FRC shows quasibrittle tensile behavior. For the
PV A-ECCs, different surface treatment results in the differ-
ence in complementary energy. When the oiling agent con-
tent of fiber increases from 0.3 to 0.8%, the corresponding
complementary energy increases more than 140%, which
gives a much larger margin for satisfying Eq. (1) for the de-
velopment of strain-hardening.

As mentioned previously, PVA fiber tends to rupture dur-
ing the pullout process. Higher chemical bond and frictional
stress result in more severe fiber rupture and shorter fiber
pullout length. The rapid drop of bridging stress of PVA-
FRC in its 6(8) curve (Fig. 11) reflects this trend. The scan-
ning electron microscope pictures of fracture surfaces of the
PVA-FRC and three optimal PVA-ECCs in each test set with
different oiled fibers are presented in Fig. 12. The PVA-
FRC, which contains a much larger number of fibers due to
the small fiber diameter, shows a very short protruded fiber
length (less than 0.2 mm) compared with that of PVA-ECC.
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Fig. 11—Theoretical stress versus crack opening relation-
ship of PVA-FRC and PVA-ECC. (V¢ = 2.0%, wic = 0.45,
ands/c = 1.0.)

Inspection on the fiber ends indicates that most fibers in this
RMU PVA-FRC were ruptured. The other three pictures
clearly reveal the increasing trend of protruded fiber length
with the increase of oiling agent content, reflecting the fact
that oiling treatment can effectively reduce the bond and pro-
tect the fiber from premature rupture. The average protruded
length for 0.8% oiled fiber (V= 2.0%) is nearly 2 mm, which
is three times of that of the 0.3% oiled fiber. Fiber rupture was
still observed in these PVA-ECCs; however, the extent was
considerably alleviated, and the percentage of ruptured fiber
diminished with the increase of oiling agent, as manifested by
the increasing average protruded length. In these composites
with crack spacing (Table 3) less than the fiber length, the pro-
truded fiber length on the fracture surface is expected to be
less than half the fiber length, even when all fibers are pulled
out without rupture.

CONCLUSIONS

PVA-ECCs with satisfactory tensile behavior were devel-
oped under the PDDA. The guidance provided by the micro-
mechanics models significantly speeds the composite design
process. The uniaxial tensile tests conducted reveal robust
pseudo strain-hardening behavior of PVA-ECCs. Ultimate
strain exceeding 4%, as well as ultimate strength of 4.5 MPa,
were achieved at a moderate fiber volume fraction of 2.0%.
The specimens exhibited saturated multiple cracking with
crack spacing of 2.5 and 1.8 mm for composites with Vy=2.0
and 2.5%, respectively. It was also found that the crack open-
ing soon stabilizes after rapid growth at the initial stage, reach-
ing a steady state maximum crack width below 100 um as the
specimen strain increases in the multiple cracking process.

PVA fiber features high interfacial chemical bond, fric-
tional stress, and slip-hardening in a cementitious matrix.
The investigation on the effect of different fiber surface
treatment on composite performance reveals the importance
of interface tailoring. With a higher oiling agent content that
lowers the chemical bond, interfacial friction, and surface
abrasion (reported in Wu33), higher composite strain capac-
ity and better performance consistency are obtained. More-
over, the optimal sand content increases with a higher oiling
agent, at least in the range of sand and oiling agent content
investigated in this study. Inspection of the fracture surface
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Fig 12—Protruded fibers at fracture surface: (a) PVA-FRC
(RMU fiber Vi = 2.0%, wic = 0.45, and s/c = 0.6); (b) PVA-
ECC (0.3% oiled REC fiber: V¢ = 2.0%, wic = 0.45, and slc
= 0.6); (c) PVA-ECC (0.5% oiled REC fiber: V¢ = 2.0%, wic
= 0.45, and s/c = 0.8); and (d) PVA-ECC (0.8% oiled REC

fiber: Vi = 2.0%, wic = 0.45, and s/c = 1.0)
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shows increasing protruded fiber length with a decrease in
interfacial bond properties, which is in accordance with the
prediction of bridging stress-versus-crack opening relation.

The comparison of complementary energy between PVA-
FRC and PVA-ECC highlights the underlying reason for
their distinctly different tensile behavior. For PVA-FRC, the
steady state cracking criteria are not satisfied, therefore it ex-
hibits quasibrittle tensile behavior. For PVA-ECC, the com-
plementary energy is much larger than the crack tip
toughness, leaving sufficient margin to attain pseudo strain-
hardening behavior. With lower interfacial bond properties
corresponding to higher oiling agent content, the comple-
mentary energy is accordingly increased and results in more
robust composite performance.
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